The present effort was undertaken in order to investigate the manufacturing of aluminum based composites, reinforced by a dual intermetallic phase, Al 9 Co 2 -Al 13 Co 4 , using a powder metallurgy route. The metal matrix was reinforced with compositions 2, 5 and 10% vol. The manufacturing of the dual Al 9 Co 2 -Al 13 Co 4 powders was carried out by vacuum arc melting followed by milling to produce fine-sized powders. The composite materials were produced by a common powder metallurgy route, including mixing in a mortar, consolidation by cold pressing, and sintering under vacuum at 600°C. The wear properties of the composite were examined by dry sliding wear against an alumina counter face at 10cm/s, a load at 1N and a distance at 1000m. Macro hardness was also assessed. Aqueous corrosion experiments in 3.5% NaCl at 25°C were carried out in all three different compositions. Optical microscopy and SEM-EDX analysis were used in order to ascertain the microstructure, the sliding wear tacks and debris and the corroded surfaces. The sliding wear phenomena were related to the microstructural features and approached based on classic theories of Al composite wear behaviour and so was the corrosion response of the produced materials.
Introduction
Aluminium Matrix Composites (AMCs) have gained intensive research interest during the last four decades, due to their improved mechanical and physical properties and have been considered as potential candidate materials for various, aerospace, automotive, structural and other civil and military applications [1] [2] [3] [4] [5] . Especially, AMCs have found application in the manufacture of various automotive and aerospace, engine or structural components such as cylinder blocks, pistons, piston insert rings, aircraft empennage, fuselage in fighter aircraft, rotary aircraft were dry sliding wear and corrosion resistance are predominant properties [6, 7] .
Various production methods for AMCs have been developed within these years, with the casting based processes being at the forefront due to the ease-to-handle operation scheme and, most importantly, their relatively low cost. Powder metallurgy, nevertheless, despite their relatively high cost, has attracted great attention in the manufacture of AMCs due to the unique properties these production routes may provide [1] [2] [3] [4] [5] [8] [9] [10] [11] [12] .
Many different reinforcing phases have been used in these materials, with oxides, borides and carbides being the most used. Intermetallic based compounds, however, have emerged in the scientific scheme as potential reinforcing phase due to their enhanced properties and especially due to the compatibility their metallic character may provide within the metallic Al matrix. The onset on the research of complex metallic alloys (CMA), gives rise to a totally new frontier in the use of intermetallics as potential reinforcing phases for AMCs [1] [2] [3] [4] [5] .
The term CMA describes a new group of intermetallic compounds phases with giant unit cells (that contain at least a few tens of atoms) and lattice parameters of several nanometers [13] .On the scale of several nanometers, the structure is crystalline with translational periodicity of the lattice; on the atomic scale, the atoms are arranged in clusters of polytetrahedral order, whilst they are distributed quasiperiodically [14] . The quasiperiodic order is considered responsible for unusual properties including amongst other unusual surface properties. The interesting surface properties (associated with a low surface energy) include low wetting by water [15] , low solid-solid adhesion [16, 17] , intriguing features in solid film growth [18] ), oxidation resistance [18] , corrosion resistance [19] , friction anisotropy [20] , low friction [16, 18] .Despite their unusual properties, CMA applications are still in an early stage of maturity. The reason is that being notably brittle, CMAs are regarded unsuitable for applications as monolithic alloys, but still viable as coatings and composites [19] . However, CMAs as coatings present intrinsically poor adherence to their substrates owing to their low surface energy [20] ; thus, the use of a bond coat is recommended [21] . The production of two-or multi-phase structures including a soft metallic phase shows a large potential for improving the ductility of CMAs at low temperatures. So in order to examine the more promising, application oriented, use of CMAs as composite reinforcement phase, the current research was performed.
Sliding wear response is one of the most crucial issues, when trying to assess the overall behaviour of AMCs. It has been proved that, the mechanisms and phenomena related to the material loss during such kind of conditions are by far complicated issues that are related with the intrinsic characteristics (matrix type, reinforcement type, size and tape, interfacial reactivity etc.) and extrinsic parameters (load, counterbody, distance, speed etc.) without permitting as such, a unified material response theory [22] [23] [24] . Very little information can be found on the wear performance of Al-Co alloys. The most relevant information concerns the wear behavior of cast and rapidly solidified aluminum alloys in-situ reinforced by intermetallic compounds. In-situ particulate reinforcements of Al, such as Al 3 Aqueous corrosion behaviour of AMCs, on the other hand, is also related with numerous parameters of both the material system and testing conditions and also difficult to provide a solid well established mechanism. It has been postulated, however, that in the case of AMCs, if a clean and thermodynamically stable matrix-reinforcement interface is established, the aqueous corrosion behaviour is most likely dependent on the matrix corrosion characteristics rather than the presence of the reinforcing phase [33] [34] [35] [36] [37] [38] [39] [40] . As for the corrosion behaviour of Co aluminides very limited information can be found. Palcut et al. [41, 42] , investigating the corrosion performance of Al-(24-29 at% Co) alloys consisting entirely of aluminides observed: a) three stages (an active corrosion stage, a very small stabilization stage and a steady current increase stage); b) galvanic coupling between nobler and less noble intermetallic phases and c) pitting in 0.6 mol/dm 3 NaCl. Lekatou et al. [34] found that Al-(7-20 wt.%Co) alloys composed of various amounts of Al 9 Co 2 in a (Al,Co) matrix exhibited low susceptibility to localized corrosion in 3.5 wt.% NaCl. Al-7 wt% Co showed a slightly higher corrosion resistance than the other compositions, in terms of corrosion rate, passivation current density and stress corrosion cracking indications.
Within the above framework, the corrosion and wear behavior of Al-CMA systems presents great research interest, especially when considering the issues: (i) the formation of two-or more phase structures based on a soft metallic phase shows the largest potential for improving the ductility of CMAs; (ii) CMAs are claimed to have excellent surface properties; (iii) aluminum alloys exhibit very poor tribological properties (aluminum being a light metal) and moderate resistance to aggressive environments [43] . On the above grounds, the present work investigates the manufacturing of aluminum based composites, reinforced by a dual intermetallic phase, Al 9 Co 2 -Al 13 Co 4 , using a powder metallurgy route and examines their wear and corrosion resistance towards aggressive environments.
Experimental Procedure
Appropriate amounts, determined by the Al-Co phase diagram [44] , of Al (<325 mesh) and Co powders (<40 μm) both by SigmaAldrich were weighted and mixed targeting the composition corresponding to the Al 9 Co 2 intermetallic phase. Small loads (5g) of the mixture were mechanically pressed under 300 bar to form coupons that there were arc melted in an arc melting furnace (VAM) using W electrode at 120A current using Ar as protecting atmosphere. The resulting droplets were crushed and subjected to planetary ball milling for 10 minutes with the presence of alcohol. The resulting powder was dried and then mixed with appropriate amount of Al powder in order to produce 2, 5 and 10 vol.% in Al 9 Co 2 composite materials respectively. Coupons of approximately 5g were formed by mechanical pressing under 250 bar and subjected to free sintering for 9h at 600°C under Ar atmosphere.
Specimens were metallographically prepared and examined under optical microscope (Leica 4000DM) and SEM-EDX (Jeol 6510 LV, x-Act Oxford Instruments). Sliding wear experiments were conducted using a CSM ball on disk tribometer, with 6mm Al 2 O 3 ball as the counter-body, at 10 cm/s linear speed, 5mm rotation diameter, 20Hz acquisition time, 1N externally applied load and 1 km as overall sliding distance. The tests were interrupted every 200m for weighting the samples and record the resulting mass loss. Wear tracks and debris were also examined with SEM-EDX. Hardness measurements were conducted using a Universal Hardness Tester 700M by Innovatest.
Aqueous corrosion experiments were conducted in properly prepared samples using a Gill AC galvanostat by ACM Instruments, within a 3.5% NaCl solution, using an Ag/ AgCl/ 3.5 KCl reference electrode. The experiments were conducted keeping the solution pH at 7, at scanning rate of 10mV/min within the range of 1000 to 1500 mV after having ascertained the rest potential for 2h. Figure 1 shows a panoramic view of the precursor Al-Co powder after vacuum arc melting and milling. It can be observed that the powder size lies within the range of approximately 1-50 μm. In the same Figure 1 , the XRD analysis of the Al-Co intermetallic powder shows the existence of the Al 9 Co 2 phase -as expected form the initial targeted composition -along with the presence of Al and Al 13 [44] , the Al 13 Co 4 phase should not exist at ambient temperatures. All the same, the high cooling rates during solidification following arc melting, do not allow for completion of the diffusion processes, and, consequently, attainment of an equilibrium state. Hence, the Al (l) + Al 13 Co 4 = Al 9 Co 2 peritectic reaction cannot run into completion, allowing the Al 13 Co 4 phase to persist. Actually, its extensive presence at room temperature manifests the high cooling rates involved in the arc melting process adopted. To sum up, the formation of Al 13 Co 4 is most likely attributed to the relatively high cooling rates during solidification after vacuum arc melting that most likely does not permit the Al 13 Co 4 →Al 9 Co 2 transformation completion.
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Results and Discussion

Microstructural observations
Figure 2 presents optical micrographs of the different produced composites. It can be observed that in all cases the microstructure is characterized by the uniform particle distribution either in the form of isolated particles or particle clusters. The existence of residual porosity is also evident. The microstructure of the produced materials is presented more clearly under SEM examination, as shown in Figure 3 . The cross sections of the produced composites (Figure 3 ) reveal the uniform particle distribution. It is also evident the presence of particle clusters and residual porosity that both increase with increasing the reinforcement content. The clustering increase is most likely associated with primary particle clusters that did not disintegrate during the milling process. The increased porosity, on the other hand, maybe the result of either the observed particle clustering (particle clusters contain voids and gaps that can evolve into porosity upon processing) or insufficient sintering (the higher the reinforcing particles the more obstacles for their surrounding Al grains to get into intimate contact in order to promote and sustain effective sintering.
An interesting observation concerning the phase composition of the final composites arises from the elemental analysis on various reinforcing particles for all the different compositions, as presented in Figure 4 . It can be seen that the Al-Co ratio in most of the cases, remains constant and practically corresponds to the Al 9 Co 2 phase stoichiometry. Such observation, most likely suggests that upon the prolonged sintering conditions (600°C for 9h) allows the off equilibrium Al 13 Co 4 phase to be fully transformed into Al 9 Co 2 intermetallic compound. Figure 5 shows the volume loss as a function of the sliding distance for the different produced composites and their corresponding wear rates along with their hardness values. It can be observed that the wear rate is decreased with increasing the reinforcing particle content. It is also evident that the higher the particle content the higher the hardness value. These observations clearly verify the beneficial action of the reinforcing phase on the sliding wear resistance. Similar conclusions have been drawn by other researchers [24] . The wear resistance improvement is most likely associated with: a) the fact that reinforcing particles support the externally applied load, restricting in such way the intimate contact between the soft matrix and the counterbody which is responsible for the extreme plastic deformation and the resulting degradation phenomena, b) the provision of thermal, to the matrix stability, that postpones potential softening phenomena that promote severe plastic deformation and c) strain hardening effect due to particle dispersion strengthening effect that improves the matrix resistance to plastic deformation. All these potential improvement mechanisms are also well documented in other experimental works [22] [23] [24] . It has also to be mentioned that the wear response of the produced materials are in line with their hardness and the classic theory of Archard [45] : the higher 
Sliding wear behaviour
the hardness the higher the wear resistance.
A panoramic view of the wear track morphology of the produced composites is presented in Figure 6 . It can be observed the characteristic "valley -hill" morphology -a result of the strain hardening effect of the soft matrix -which Sharkar [46] has explained in details the formation of and other research efforts also verified [24] . SEM-EDX point analysis reveals the presence of both oxide phases and cracks on the wear track surfaces. Both these features are responsible for the initiation and the promotion of the degradation phenomena which practically involves the development of cracks due to plastic deformation and or thermal fatigue on the oxide layer that eventually are promoted, expanded, bridged and lead to material loss [22] [23] [24] .
The generated upon the sliding action debris is shown in Figure 7 . This debris is also responsible for the wear phenomena especially for the slight abrasive action. It can be observed that the debris become finer and more equiaxed with the increase of sliding distance and the particle volume fraction. The sliding distance leads to prolonged surface oxide phases formation, which are brittle and are continuously entrapped at the counterfaces' gap and gradually fragmented into fine particles. The high particle content on the other hand increases the brittleness of the material, reducing its plasticity and leads to the formation of finer and more equiaxed debris [24] . Figure 8 shows the potentiodynamic polarization curves of the different produced materials and Figure 9 the forward polarization curves of these systems. Based on the data of these figures it can be postulated that: a) all the produced composites show a better behaviour to localized corrosion compared to that of the monolithic Al alloy (breakdown potential (Eb) Al < Eb composite) with that of the 10 vol% system being the most optimum one as far the pitting corrosion resistance is concerned, b) after the energetic corrosion of stage 1, the monolithic alloy in stage 2 shows lower current densities compared to that of the composite materials due to the fact that the composite systems exhibit galvanic corrosion between the Al matrix and the Al 9 Co 2 reinforcing phase and c) the steeper slopes of the composite materials in stages 3 and 4 is most likely a result of the greater extent of the mixed surface oxide phases consisting of Al and Co.
Aqueous corrosion behaviour
More specifically, in the case of the composite materials, in stage 2 the energetic corrosion is retarded due to the formation of either Al 2 O 3 surface films of hydrated semiconducting Al(OOH) and Al(OH) 3 compounds. In stage 3, between the Al matrix and the Al 9 Co 2 reinforcement, pitting corrosion takes place and in stage 4 a pseudo-passivation phenomenon can be observed as a result of possibly both the deposition of oxides and hydroxides within the pit cavities and/or the formation of mixed oxide and hydroxide phases of Al and Co. All these speculations are in agreement with previous research efforts [29, 34, 35] .
Conclusions
Al -Al 9 Co 2 based composites were successfully produced by a powder metallurgy based route. The particle distribution was uniform with some degree of clustering and some porosity being observed, especially for the higher reinforcing particle concentrations. Al 9 Co 2 was identified as the only reinforcing phase due to the elimination of the primary Al 13 Co 4 phase after the prolonged sintering stage.
Sliding wear resistance was increased with increasing the reinforcing particles volume fraction as did the hardness values, verifying the classic theories of aluminum metal matrix composites wear response. The familiar for these materials characteristic wear track landscape was also observed.
Aqueous corrosion experiments, showed that the composite systems have a better pitting corrosion resistance compared to that of the monolithic alloy with that of 10 vol.% reinforcing content, being the optimum one. A galvanic cell between the Al matrix and the nobler Al 9 Co 2 is established and passivated at higher current densities.
The high sliding wear and localized corrosion resistance of the Αl -10 vol.% (Al 9 Co 2 , Al 13 Co 4 ) constitute promising attribute for the future development of Al based composites with even higher reinforcement compositions, taking into account the desire for low weight, low cost of raw materials, high ductility and high fracture toughness.
